Diffusion tensor imaging was used to compare white matter structure between American monolingual and Spanish-English bilingual adults living in the United States. In the bilingual group, relationships between white matter structure and naturalistic immersive experience in listening to and speaking English were additionally explored. White matter structural differences between groups were found to be bilateral and widespread. In the bilingual group, experience in listening to English was more robustly correlated with decreases in radial and mean diffusivity in anterior white matter regions of the left hemisphere, whereas experience in speaking English was more robustly correlated with increases in fractional anisotropy in more posterior left hemisphere white matter regions. The findings suggest that (a) foreign language immersion induces neuroplasticity in the adult brain, (b) the degree of alteration is proportional to language experience, and (c) the modes of immersive language experience have more robust effects on different brain regions and on different structural features.
Introduction
Converging evidence suggests that bilingualism is associated with brain structural alterations (for a review, see García-Pentón, Garcia, Costello, Duñabeitia, & Carrieras, 2016) . There is also evidence that the quality and quantity of second-language (L2) learning experience affects brain structure (Stein, Winkler, Kaiser, & Dierks, 2014) . However, there has been little investigation of possible differential effects of language mode on brain structural characteristics associated with L2 learning. A well established characterization of regional specialization for receptive and expressive language in monolinguals exists, where the left hemisphere has long been recognized as generally dominant in language, and specific brain regions (e.g. Broca's and Wernicke's areas) have historically been identified as specialized for specific aspects of speech production and comprehension (Kuhl & Damasio, 2013) . Moreover, contemporary models of monolingual language processing feature ''dual streams" of information processing, with different streams for receptive and expressive language (Hickok & Poeppel, 2004 , 2007 . In these models, the streams originate from areas involved in the early processing of speech information in the general area of the superior temporal gyrus. A ventral stream, projecting to the middle and inferior temporal cortices, processes the conceptual meaning of phonological information and is involved in listening to and understanding speech. A dorsal stream, projecting towards inferior parietal and posterior frontal lobe regions, plays a role in integrating auditory information with motor system representations, and allows for the production of speech sounds based on previous auditory input (Saur et al., 2008) .
Recent evidence from the neuroimaging literature indicates that there may be a similar regional specialization for the two modes of language in second language learning, and that connections between regions involved in perception and production may play a crucial role. For example, a number of studies indicate that listening to speech results in the generation of internal motor models of speech production. In adults, investigators have reported fMRI activation of areas involved with speech production while listening to non-native phonetic contrasts (Callan, Jones, Callan, & Akahane-Yamada, 2004; Callan et al., 2003) , as well as during audiovisual native-language speech perception (Skipper, van Wassenhove, Nusbaum, & Small, 2007) . Previous work from our laboratory indicates that for young children who are in the sensitive period for phonetic learning, listening to speech results in activation of areas involved in motor speech planning, including Broca's area and the cerebellum (Kuhl, Ramirez, Bosseler, Lin, & Imada, 2014) .
Diffusion tensor imaging (DTI), a neuroimaging tool for measuring microscopic characteristics of white matter, has been used to provide evidence of differences between the bilingual and monolingual brain. DTI measures are sensitive to numerous white matter structural features, including degree of myelination, axonal caliber, fiber packing density, intra-cellular volume fraction of extra neurite glial cells and proportion of crossing fibers. The DTI measure most commonly reported is fractional anisotropy (FA), which measures the directional asymmetry of the diffusion of water molecules. White matter FA values are thought to be influenced by characteristics such as axonal density, degree of myelination, and geometrical fiber arrangement (Assaf & Pasternak, 2008 ). Significant differences in FA between monolinguals and bilinguals have been reported for child (Mohades et al., 2012 (Mohades et al., , 2015 , adult (Cummine & Boliek, 2012; Pliatsikas, Moschopoulou, & Saddy, 2015) , and aging populations (Gold, Johnson, & Powell, 2013; Luk, Bialystok, Craik, & Grady, 2011) , most consistently in the corpus callosum (CC), inferior fronto-occipital fasciculus (IFOF), and the superior longitudinal fasciculus (SLF). However, there is considerable variability in findings across studies, particularly in the direction of the FA differences (Table 1) . Three studies have reported regional increases in FA in bilinguals as opposed to monolinguals (Luk et al., 2011; Mohades et al., 2015; Pliatsikas et al., 2015) , two studies have reported regional decreases in FA in bilinguals as compared to monolinguals (Cummine & Boliek, 2012; Gold et al., 2013) , and one study (Mohades et al., 2012) has reported both patterns -regional increases in FA in bilinguals as compared to monolinguals in the left IFOF and regional decreases in FA in bilinguals as compared to monolinguals in anterior corpus callosum fibers that project to the orbitofrontal cortex.
The objectives of the current study are: (1) to characterize differences in white matter structure between monolingual and Spanish-English bilingual adults living in the Unites States, and (2) to explore the effects of second language experience, particularly in listening to as compared to speaking English, on white matter structural features. We utilized an expanded set of DTI measures to characterize white matter structure, including not only FA, but also radial diffusivity (RD), a measure of diffusion of water molecules perpendicular to white matter tracts; axial diffusivity (AD), a measure of diffusion of water molecules parallel to white matter tracts; and mean diffusivity (MD), an average of displacement in all measured directions. We also examined the mode of anisotropy (MO), which provides information about the threedimensional shape of the diffusion tensor, ranging from planar (indicating a large proportion of crossing fibers) to linear (indicating a single fiber orientation).
Materials and methods

Participants
Thirty-one adults, 16 Spanish-English speaking bilinguals (8 females) and 15 English-speaking monolinguals (9 females), participated in this study. Mean age at participation was 26.9 for the bilingual group (range = 22-32 years) and 25.5 for the monolingual group (range = 21-33 years). Participants reported no speech, language or hearing difficulties. All monolingual participants were born in the US and were native English language speakers. Bilingual participants were primarily individuals who immigrated to the United States in adulthood, with the exception of one participant who was born in the United States. All participants were asked to complete a demographic survey that included questions on lifetime language use history. Participants were additionally asked to complete a language experience and usage questionnaire that documented duration of residence in the US, language use in different social contexts, as well as language exposure by medium. This questionnaire included self-reports of English comprehension and speaking proficiency (on a five-point Likert scale) as well as listening and speaking experience for English and Spanish in 3 year increments since birth (Garcia-Sierra, 2007; Garcia-Sierra, Diehl, & Champlin, 2009; Garcia-Sierra, Ramírez-Esparza, Silva-Pereyra, Siard, & Champlin, 2012) . Socioeconomic status (SES) scores for all study participants were calculated based on occupation and education using the Hollingshead Index (Hollingshead, 2011) . Hollingshead metrics were additionally used to calculate scores for education alone. Detailed participant information is provided in Supplementary Table S1 . No significant differences between education level (Mann-Whitney U = 107.0, p = 0.570, two-tailed) or SES (Mann-Whitney U = 117.0, p = 0.901, two-tailed) at the time of data collection were found between the monolingual and bilingual groups. There were also no significant group differences in age (two-tailed t-test p = 0.274). The project was approved by the University of Washington Institutional Review Board, and written informed consent was obtained from all study participants.
DTI acquisition methods
DTI data were acquired on a Philips (Netherlands) 3T Achieva scanner using an 8-channel Philips head coil using a standard spin-echo/echo-planar DTI pulse sequence with scan parameters: TR/TE 7520/70 ms, voxel size 1.7 Â 1.7 Â 2 mm (5.78 mm 3 ), b
value of 1000, 32 diffusion-encoded directions, 1 average, and acceleration factor of 2.3.
DTI data processing
Analysis of the DTI data was carried out using TBSS (Tract-Based Spatial Statistics; Smith et al., 2006) , a part of the FSL Software Library (Smith et al., 2004) . In TBSS, FA images are created by fitting a tensor model to the raw diffusion data using the FDT tool, and then brain-extracted using BET (Smith, 2002) . Subjects' FA data are then aligned into a common space using the nonlinear registration tool FNIRT (Andersson, Jenkinson, & Smith, 2007a , 2007b , which uses a b-spline representation of the registration warp field (Rueckert et al., 1999) . Next, a mean FA image is created and thinned to create a mean FA skeleton, which represents the centers of all tracts common to the group. Each subject's aligned FA data is then projected onto this skeleton. We additionally used the warp field to project MD, AD, RD, and MO onto the skeleton. The data were filtered for gender effects using FSL's RegFilt tool.
Group comparisons
Voxel-wise statistical comparisons were performed with FSL's Randomise tool (Winkler, Ridgway, Webster, Smith, & Nichols, 2014) , using the ''Threshold-Free Cluster Enhancement" (TFCE) option, with five thousand two-tailed Monte Carlo permutations. A higher level design matrix with an unpaired two group design was specified in FSL's FEAT tool. Twenty-one white matter tracts in the cerebrum were investigated in our analysis, as defined by the ICBM-DTI-81 white matter labels atlas, and the Johns Hopkins University white matter tractography atlas (JHU-ICBM-tractsmaxprob; Hua et al., 2008; Mori, Wakana, Nagae-Poetscher, & van Zijl, 2005; Wakana et al., 2007) , which are both available in FSL. The JHU atlas was modified to correct for minor imperfections in the maxprob 0 threshold digital file and to add the middle corpus callosum region. The cerebellar regions were defined by combining all cerebellar structures in the JHU MNI SS WMPM atlas (Oishi, Faria, & Mori, 2010) in each hemisphere. A significance threshold of p = 0.05 was utilized and all p-values were corrected for multiple comparisons. Group statistical maps were coregistered to these atlases, and a regional analysis was performed to identify clusters with significantly different FA, RD, AD, MD, or MO between groups within each tract and cerebellar hemisphere. Custom software was written to calculate average p-values, voxel counts, and average DTI measures for all significant voxels within each white matter region for each group.
Correlations with language immersion measures
For each bilingual subject, average reported experience in listening to English and in speaking English while residing in the US were multiplied by the duration of residence in the US to yield measures reflecting English language experience in both of these modes during language immersion. A log transformation was applied to these estimates in order to address two issues. First, the duration of residence in the US was not normally distributed. Second, we expected that relationships between the behavioral and white matter structural measures would be nonlinear due to biological constraints. For example, degree of axonal myelination or fiber packing density cannot increase indefinitely. Significant correlations between these language measures and white matter structural measures were identified using the FSL Randomise tool combined with FSL's General Linear Model (GLM) tool (www.fmrib.ox.ac.uk/fsl/fsl/list) which generates p-value maps. All pvalues were corrected for multiple comparisons. The data were filtered for gender effects using FSL's RegFilt tool. Five thousand two- 
Results
Group differences
Group differences between DTI measures for the monolingual and bilingual samples in both the cerebrum and the cerebellum were diffuse and bilateral. Significantly higher FA, and significantly lower RD and MD, were found in monolinguals as compared to bilinguals in clusters of voxels located along all of the 21 cerebral white matter tracts studied, as well in both cerebellar hemispheres. Mean DTI measures showing significant group differences in measures of white matter structure by tract are shown in Table 2 . No significant differences in AD between groups were found. In addition to the findings shown in this table, MO in the same clusters exhibiting significantly lower FA was more negative in the bilingual sample than the monolingual sample, and MO was found to be significantly different between groups for one cluster of voxels located in the left SLF. Detailed MNI coordinate and voxel count information is provided in Table S2 of the supplementary materials.
Correlations between duration of residence in US and white matter structure
Significant correlations between the logarithm of the duration of residence (lRes) in the United States and DTI measures in the cerebrum and cerebellum in bilinguals were widespread and bilaterally distributed (Fig. S1 of the supplementary materials, blue regions). In the cerebrum, significant correlations between FA and lRes were positive and more predominant in the left hemisphere. Significant correlations between lRes and RD, AD, and MD were negative, and found bilaterally in clusters located in all 21 tracts assessed. Table 3 shows significant Pearson correlation coefficients (p < 0.05, corrected for multiple comparisons and gender) for each tract. Detailed MNI coordinate and voxel count information is provided in Table S3 of the supplementary materials, along with representative scatter plots of correlations between lRes and DTI measures of FA and RD for the left IFOF (Fig. S2 of the supplementary materials). In the cerebellum, significant negative correlations were found between lRes and RD, MD, and AD in the left and right cerebellar hemispheres. No significant correlations were found between lRes and FA in the cerebellum.
Correlations between measures of English speaking and listening in the US and white matter structure
When duration of residence in the US was adjusted for reported amount of time speaking English (lExpSp) and listening to English (lExpAud), significant correlations (p < 0.05) between speaking experience and listening experience and FA were found to be located in numerous tracts in the left hemisphere as well as in the corpus callosum (Fig. S1 of the supplementary materials, red regions). Significant correlations with RD (Fig. S1 of the supplementary materials, yellow regions) and MD were more diffuse, and located in both hemispheres. No significant correlations between lExpSp or lExpAud were found with FA in the cerebellum. Additionally, no significant correlations were found between selfreported speaking or listening proficiency levels and DTI measures. See Table S5 for significant Pearson correlation coefficients for language experience and brain structural measures (p < 0.05, corrected for multiple comparisons and gender). Inspection of statistical images for this correlation analysis (Fig. S1 ) revealed an interesting pattern of areas of increased significance, with p-values < 0.03 (shown in red and yellow in Fig. 1 ). These more robust correlations were found only in the left cerebral hemisphere. At this significance threshold, correlations with FA were found for speaking, but not for listening experience; whereas correlations with RD and MD were found for listening experience, but not for speaking experience. Moreover, the locations of the significant correlations with speaking and listening at a threshold of p < 0.03 were spatially distinct. Significant positive correlations between FA and lExpSp were found in clusters of voxels located in left posterior white matter tract regions of the left IFOF, SLF, ILF, and CST. Significant negative correlations between RD and MD and lExpAud were found in adjacent and/or overlapping clusters of voxels located in left anterior white matter tract regions in the IFOF, UF, ILF and adjacent regions. Table 4 provides Pearson correlation coefficients for these more robust correlation findings (p < 0.03, corrected for multiple comparisons and gender). Detailed MNI coordinate and voxel count information is provided in Table S4 of the supplementary materials. Scatter plots of FA and RD correlations with lExpSp and lExpAud for the left IFOF are shown in Supplementary Fig. S3 .
While Tables 2-4 present results in terms of each white matter tract as a whole, it is important to note that our significant findings were localized in discrete and specific locations within these tracts. For example, Table 4 shows multiple significant correlations in the left IFOF, but the locations of significant effects are more focal. At a significance threshold of p = 0.03, our measure of English listening experience was significantly negatively correlated with RD and MD in the left anterior IFOF, whereas our measure of English speaking experience was positively correlated with FA in left posterior regions of the same tract. These differences in locations of correlations at a significance level of 0.03 for the different language measures and modes are illustrated in Fig. 2. 
Discussion
In this study of bilingual adults immersed in a naturalistic L2 learning environment, we found widespread bilateral differences in DTI measures of cerebral white matter structure between Spanish-English bilingual and native English-speaking monolin- gual adults. These differences were in tracts associated with a diverse range of functions, including language processing and production, executive function, motor function, social cognition, and emotion. In the bilingual group, we also found correlations between white matter structural characteristics and duration of residence in the US, with longer residence associated with regional increases in FA, and decreases in AD, RD and MD. When duration of residence in the US was adjusted for experience in listening to and speaking English, the regions showing the most significant white matter structure correlations (p < 0.03) were more focal, restricted to the left hemisphere, and associated with both different regions and different measures. Increased experience in speaking English was most robustly associated with increases in FA in more posterior regions of the brain, including posterior regions of the left SLF and the left IFOF. Increased experience in listening to English was most robustly correlated with decreases in RD and MD in anterior white regions, including regions of the left uncinate fasciculus and the left IFOF. These findings indicate that foreign language listening experience most robustly affects white matter regions associated with language motor production, and that foreign language speaking experience most robustly affects white matter regions associated with language comprehension. The results from the present study suggest that language learning induces white matter changes that enhance sensory-motor connections, with auditory English exposure more robustly affecting motor pathways, and experience in English speaking more robustly affecting pathways involved in speech perception. These findings, which at first may seem counterintuitive, parallel theories of language learning in both adults and children, including recent findings that for young children learning their first language, listening to speech activates regions involved in motor production (Kuhl et al., 2014) . The findings also suggest that white matter structural features play an important role in reported behavioral and functional relationships between speech production and speech perception.
Numerous DTI studies comparing brain structure of monolinguals and bilinguals have reported significant group differences, but the direction of these differences has not been consistent. This is especially evident for white matter FA, the most commonly reported DTI measure. Cummine and Boliek, who studied a population of late sequential adult bilinguals (Cummine & Boliek, 2012) , and Gold and colleagues, who studied aging sequential bilinguals (Gold et al., 2013) , reported higher FA in bilinguals than in monolinguals, which is in congruence with the findings from the present study. Other studies, including one of late sequential adult bilinguals (Pliatsikas et al., 2015) , and multiple studies of simultaneous bilinguals (Luk et al., 2011; Mohades et al., 2015; Pliatsikas et al., 2015) , have reported findings in the opposite direction; that is, increased FA in bilinguals as compared to monolinguals. Explanations for this lack of congruence have sometimes been provided. For example, Cummine and Boliek suggest that the direction of their findings may be attributable to the relatively short time of L2 learning in their bilingual sample. This explanation may apply to our study as well, considering that many individuals in our bilingual sample had a relatively short immersion time. Gold and colleagues suggest that the direction of their findings may have been related to increased genetic risk for dementia in their bilingual sample. We propose that a broader range of environmental factors may affect baseline differences in white matter structure across groups and that these may have a more pervasive effect on structural differences between monolinguals and bilinguals than has been previously discussed. These may include environmental factors during early development, as well as native country linguistic diversity.
Another factor that may have affected the direction of our findings as compared to multiple other studies is the relatively low immersion time for our bilingual sample (assuming an ''effective" immersion time for other studies calculated by subtracting the AoA from the mean subject age). Interestingly, an analysis of our group difference data after performing a median split on the bilingual sample, based on median length of residence in the US (lower immersed subgroup with 62 years residing in the US, and a more immersed subgroup with P4 years residing in the US) revealed that, although both subgroups demonstrated mean FA values that were below the monolingual sample across virtually all white matter regions studied, these differences were significant only for the lower immersed subgroup and not significant for the more immersed subgroup (see the Supplementary Materials for more details on the median split analysis). These findings, along with the results reported in Tables 3 and 4, suggest that for bilinguals immersed in a second-language learning environment, there is a trajectory of FA increases over time. They indicate that the increased FA associated with bilingualism may take time to develop, and the shorter immersion duration of our bilingual sample may have been insufficient to produce the group differences in FA reported by other studies of bilinguals who had longer experience with the second language. It is also notable that the age of acquisition (AoA) for our bilingual sample was relatively high compared to other studies. Even though the behavioral and neuroimaging evidence indicate that there is not a strict ''critical period" for second language acquisition, functional and structural imaging studies of the brain suggest that the timing of second language experience plays an important role in the acquisition of a second language (Li, Legault, & Litcofsky, 2014) . For the current study, it is possible that the second language learners with higher AoA may have missed an important ''sensitive" period, which may have decreased the rate at which white matter microstructure changes over time as compared to bilinguals who acquire a second language during infancy or childhood. In short, our bilingual sample differs from those of most previous studies in that it has a relatively low immersion time and relatively high AoA. The combination of these two factors may account for the different pattern of results as compared to studies of early bilingual learners with a long duration of experience with the second language. It is well established that environmental factors, including SES and language input, affect the rate and course of native language development (Hoff, 2003 (Hoff, , 2006 Noble, Engelhardt, et al., 2015; Raizada & Kishiyama, 2010) , as well as early brain structure in areas that support language and reading (Noble, Houston, et al., 2015; Raizada, Richards, Meltzoff, & Kuhl, 2008) . There is also behavioral evidence that passive exposure to a foreign language can increase sensitivity to the structure of that language in both children (Johnson, Westrek, Nazzi, & Cutler, 2011) and adults (Orena, Theodore, & Polka, 2015) ; this type of exposure during childhood can improve the ability to speak that language in adulthood (Au, Knightly, Jun, & Oh, 2002) . Neural mechanisms presumably underlie these behavioral findings. Linguistic factors may be especially relevant to studies of bilingualism, which often include subjects from a diverse range of countries, or participants from countries where more than one language predominates. In the present study, there were no significant differences between the mean SES of the monolingual and bilingual samples, and both samples were comprised of individuals from countries where a single language (English or Spanish, respectively), is predominantly spoken. However, the effects of baseline differences in linguistic experience between samples in studies of bilingualism should be considered when comparing findings across studies, and is an area where future investigation would be valuable.
Despite the lack of consensus in the direction of white matter structural changes in the literature associated with bilingualism (Table 1) , a number of specific white matter tracts have been repeatedly identified to be associated in bilingualism across these same studies and in the present investigation. These are: the left IFOF (Gold et al., 2013; Mohades et al., 2012 Mohades et al., , 2015 Pliatsikas et al., 2015) , the left SLF (Luk et al., 2011; Pliatsikas et al., 2015) , and the corpus callosum (Gold et al., 2013; Luk et al., 2011) . The repeated appearance of these regions, in studies of both adults and children, indicate that they play an important role in the learning and utilization of a second language across a broad age span. Furthermore, there is substantial evidence in the literature that these particular regions play important roles in language processing. According to the dual stream model of cortical organization for language processing (Hickok & Poeppel, 2004; Rauschecker & Scott, 2009 ), the IFOF is a major component of a ventral stream that is involved in speech comprehension, and the SLF is a major fiber tract of a dorsal stream that is associated with sensorimotor language integration. Although DTI metrics provide information about white matter structure, due to the indirect nature of the relationship between water diffusion and cellular features, care must be taken in interpreting results in terms of specific white matter features at the biological or cellular level (Jones, Knösche, & Turner, 2013) . As previously noted, DTI measures are sensitive to numerous white matter structural features, including degree of myelination, axonal caliber, fiber packing density, intra-cellular volume fraction of extra neurite glial cells and proportion of crossing fibers. Decreases in RD and MD have been associated with higher density and packing of fibers, and our findings of correlations with listening experience may indicate that white matter structural changes associated with this mode of language reflect increased networking in left hemisphere language motor planning areas. FA has been associated with processing efficiency (Gold, Powell, Xuan, Jiang, & Hardy, 2007) , and our findings of increased FA with increased speaking experience may indicate that speaking in the immersive environment is associated with improved processing efficiency in speech perception areas in adult bilinguals.
One limitation of this study is that residence in a foreign country is an indirect measure of foreign language immersion, and factors associated with moving to a new cultural environment unrelated to language may also impact white matter structure. Notably, as evident from inspection of Table S1 , one bilingual subject who had been residing in the US for 10 years reported very low levels of English comprehension and speaking proficiency. This lack of correspondence between duration of residence and selfreports of language proficiency lends some uncertainty to the interpretation of the correlations between white matter structural measures and duration of residence alone in the bilingual sample. However, the focal nature and localization of clusters exhibiting correlations between white matter structure and speaking and listening experience to spatially distinct left hemisphere regions that have been associated with language processing and production supports the interpretation that these specific findings are attributable to language immersion.
Another limitation is the subjective nature of the language experience and proficiency measures for the bilingual sample, which were retrospective and based on self-reports. This study represents an initial step in the investigation of relationships between experience in the two language modes and white matter structure in bilinguals. Future studies would benefit from objective assessments of language proficiency. Additionally, while selfreported measures of proficiency have previously been utilized in the investigation of bilingual learning (García-Pentón, Fernández, Iturria-Medina, Gillon-Dowens, & Carreiras, 2014; Klein, Mok, Chen, & Watkins, 2014; Li, Sepanski, & Zhao, 2006; Li, Zhang, Tsai, & Puls, 2014; Marian, Blumenfeld, & Kaushanskaya, 2007; Yow & Li, 2015; Zinszer, Malt, Ameel, & Li, 2014) , future work employing automated recording technology that captures detailed first-person information about the L2 language environment and speech production patterns in real-time during naturalistic immer-sion, similar to that which has been employed in studies of language development in children (Garcia-Sierra et al., 2011; Oller et al., 2010) , could allow for the effects of these variables on white matter structural changes to be parsed out in more detail.
An important consideration in interpreting DTI measures of white matter microstructural differences between subject populations is that the diffusion signal is affected by many factors, including the presence of crossing fibers from different tracts, the fiber volume fraction, as well as the proportion of non-neuronal cells (such as glial cells) located within each voxel. Although mode of anisotropy (MO) did not reach significance for most regions of significant FA, we found that MO in clusters exhibiting significantly decreased FA was more negative in the bilingual sample than in the monolingual sample. A negative mode of anisotropy, in conjunction with decreased FA, is generally associated with a higher proportion of crossing fibers. This suggests a possibility of a difference in crossing fiber distributions between the two sample populations, but requires further investigation utilizing techniques that can more directly characterize these features.
In summary, we report widespread differences in white matter structure between adult bilinguals and monolinguals in regions of the brain associated with a diverse range of functions. In bilingual adults, our findings suggest that the amount of experience in a naturalistic L2 immersive learning environment affects the degree of white matter structural changes, where listening and speaking experience have more robust effects on white matter structure in regions of the brain associated with speech production and speech perception, respectively.
